Bacterial coinfection represents a major cause of morbidity and mortality in epidemics of influenza A virus (IAV). The bacterium Haemophilus influenzae typically colonizes the human upper respiratory tract without causing disease, and yet in individuals infected with IAV, it can cause debilitating or lethal secondary pneumonia. Studies in murine models have detected immune components involved in susceptibility and pathology, and yet few studies have examined bacterial factors contributing to coinfection. We conducted genome-wide profiling of the H. influenzae genes that promote its fitness in a murine model of coinfection with IAV. Application of direct, high-throughput sequencing of transposon insertion sites revealed fitness phenotypes of a bank of H. influenzae mutants in viral coinfection in comparison with bacterial infection alone. One set of virulence genes was required in nonvirally infected mice but not in coinfection, consistent with a defect in anti-bacterial defenses during coinfection. Nevertheless, a core set of genes required in both in vivo conditions indicated that many bacterial countermeasures against host defenses remain critical for coinfection. The results also revealed a subset of genes required in coinfection but not in bacterial infection alone, including the iron-sulfur cluster regulator gene, iscR, which was required for oxidative stress resistance. Overexpression of the antioxidant protein Dps in the iscR mutant restored oxidative stress resistance and ability to colonize in coinfection. The results identify bacterial stress and metabolic adaptations required in an IAV coinfection model, revealing potential targets for treatment or prevention of secondary bacterial pneumonia after viral infection.
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transposon-insertion sequencing | functional genomics T he bacterium Haemophilus influenzae is a Gram-negative inhabitant of the human upper respiratory tract and a common agent in sinusitis, otitis media, lung infections in cystic fibrosis, and exacerbations of chronic obstructive pulmonary disease (COPD). In the context of prior infection by influenza A virus (IAV), H. influenzae is associated with secondary bacterial pneumonia (1) . Annually, influenza and related complications cause ∼36,000 deaths, over 200,000 hospitalizations in the United States, and ∼5 million cases of severe illness worldwide (2, 3) . Uncomplicated IAV infection can progress to pneumonia; however, secondary bacterial infection combined with viral infection is commonly the major cause of excess morbidity and mortality during epidemics and pandemics. For example, the 1918 influenza pandemic killed an estimated 50 million people worldwide, and the majority of deaths have been attributed to bacterial secondary infections in which Streptococcus pneumoniae, H. influenzae, and Staphylococcus spp. represent the most common isolates (1) . β-Lactam antibiotics are commonly used for treatment, and yet ∼30% of H. influenzae isolates are β-lactamasepositive (4) (5) (6) . Because of increasing levels of bacterial antibiotic resistance, and the continued threat of global pandemics with potential emergence of new IAV subtypes, combined IAV and bacterial infection remains a significant public health concern.
In 1945, Francis and Vicente de Torregrosa demonstrated lethality of H. influenzae when introduced into the lungs of mice after infection with IAV (7). More recently, pathogenic mechanisms associated with the mouse lung model of lethal IAV coinfection with H. influenzae type b (Hib) were investigated, implicating innate immunity in disease progression (8) . Coinfection did not influence viral titers and yet led to dramatically increased multiplication and persistence of bacteria. Viral enhancement of host susceptibility to bacterial infection has been examined in coinfection models with diverse bacteria, implicating modification of mucosal surfaces and dysfunctional immune responses that prevent bacterial containment including altered phagocytic capacity, defective TLR responses, and enhanced pro-and antiinflammatory cytokine production, and decreased tolerance to tissue damage (9) (10) (11) (12) (13) (14) . In contrast, bacterial factors involved in coinfection have received less attention. There have been no systematic studies to identify such factors, and genes of H. influenzae involved in IAV coinfection have not been identified. We investigated the hypothesis that H. influenzae possesses genes that promote its ability to survive host defenses and exploit conditions in the lung generated by coinfection with IAV. Using a genome-scale analytical approach, we simultaneously monitored fitness of thousands of transposon mutants in the murine lung model in the presence and absence of prior IAV infection. The results reveal a core set of bacterial genes required in both
Significance
The upper respiratory tract is colonized by numerous bacteria that are usually confined to this site in healthy individuals. However, in coinfection with a preceding viral infection, these bacteria can colonize the lung, leading to lethal secondary bacterial pneumonia. In this report, a frequent pathogen in coinfections with influenza virus, Haemophilus influenzae, was examined at the whole-genome level to comparatively analyze genes conferring bacterial fitness in mice previously infected with influenza A virus vs. in non-virally infected mice. We identified altered requirements for many bacterial virulence factors and physiological adaptations, providing insight into conditions in the lung that exert selection on coinfecting pathogens. Bacterial factors required for colonization during coinfection represent potential targets for antimicrobials to combat secondary bacterial pneumonia. models, as well as genes required uniquely in one environment but not the other. Coinfection altered bacterial requirements for known virulence genes conferring not only immune evasion properties but also those encoding regulatory factors and physiological pathways. Therefore, genome-wide analysis of the fitness of bacterial mutants serves as a probe for conditions created during bacterial/viral coinfection of murine lung and identifies bacterial adaptations that specifically promote their multiplication in this pathogenic context. (Fig. S2B) , indicating that bacterial survival or multiplication is required for pathogenesis in the NTHi/IAV coinfection model. Therefore, despite its relative avirulence in healthy mice, NTHi gains a markedly enhanced ability to persist, rapidly multiply, and potentiate disease in IAV infected mice. To identify the factors required by H. influenzae for colonization in this model, we applied a genome-scale approach, termed HITS (high-throughput insertion tracking by deep-sequencing), that monitors the relative role in fitness of each gene in the genome by enumerating each unique transposon mutant present in a large bank of mutants (∼75,000) pre-and postselection in the lung model (15) . The relative abundance of mutants was quantified by direct, single-molecule sequencing of unique transposonchromosome junctions using the Helicos sequencing platform (SI Methods) (16) . The period examined was the first 24 h of coinfection, before mice exhibited signs of morbidity. In brief, five mice were inoculated with 200 TCID 50 of IAV, followed 5 d later by infection with ∼10 5 transposon insertion mutants in H. influenzae generated with a minitransposon derived from the mariner Himar1 transposon. Concurrently, five nonvirally infected mice were inoculated with the mutant bank. At 24 h post-H. influenzae infection, lung bacterial load from single and coinfections was recovered and chromosomal DNA isolated for comparison with the inoculum via the HITS method.
Results

IAV
The mariner minitransposon inserts specifically into TA dinucleotides in target DNA (17) . In the input mutant bank, 64,132 (∼50%) of the 131,955 genomic TA target sites sustained unique mariner insertions, representing 5,271,416 unique sequencing reads with 4,282,783 in protein coding genes and 988,633 in RNA structural genes or intergenic regions. Genes essential in vitro cannot be analyzed and those required for optimal growth in vitro were excluded as virulence gene candidates as mutations in these genes are more likely to be pleiotropic (SI Methods). We excluded 297 putative essential genes sustaining no insertions, 164 genes with potential growth defects in vitro (based on an insertion density of <35% of available sites), duplicated genes, and 29 genes that were too small to analyze. Of the total 1,724 annotated genes, 1,194 remained that were considered nonessential in vitro and were further analyzed for their roles in bacterial fitness in single infection vs. in IAV coinfection.
Fitness of H. influenzae in single infection and in IAV coinfection was expressed as a survival index (s.i.) representing the ratio of insertions detected after infection (output) to those detected in the in vitro grown inoculum (input). As a threshold for detection of a survival difference in vivo vs. in vitro, a cutoff of s.i. ≤ 0.35 was chosen, and to control for variability, a t test was applied with a cutoff of P ≤ 0.005 (SI Methods). Genes with s.i. > 0.5 were designated as not required under a given in vivo condition. These thresholds resulted in 121 and 118 genes detected as required in H. influenzae single and coinfection, respectively, of which a common 85 were required in both in vivo conditions. Of 1,194 genes, 1,040 did not meet our criteria to be considered a candidate virulence gene in either single or coinfection. These categories are listed in Dataset S1 and displayed on a genome map along with total unique reads from the input mutant bank (Fig. S3 ). Fig. 1A shows the 24 and 18 genes that are considered uniquely required in either single or coinfection, respectively (also listed in Dataset S1). Representative of the HITS data preand postinfection, regions containing HI1305 (thiL) and HI0161 (gor) are shown (Fig. 1B) to illustrate classes of mutant phenotypes that were detected. The thiL gene encodes thiamine monophosphate (TMP) kinase, which catalyzes the conversion of TMP to thiamine diphosphate/pyrophosphate (TPP), the biologically active form of thiamine, and was needed in coinfection (s.i. = 0.07). The gor gene was needed in single infection (s.i. = 0.09) and encodes glutathione reductase, whose primary function is to provide antioxidant activity. Flanking thiL and gor are essential genes of riboflavin synthesis and glycerophospholipid metabolism [6,7-dimethyl-8-ribityllumazine synthase (ribH) and phosphatidylserine decarboxylase (psd)] with no insertions detected in their coding regions in the in vitro library. The nusB gene (transcription antiterminator) contains 52% TA insertion site saturation in vitro, and although it appears to be potentially required in vivo, it did not meet our criteria for statistical significance. HI1306 [phosphatidylglycerophosphatase A (pgpA)] and HI0159 represent genes with inferred growth defects in vitro (TA insertion site saturation, <35%). In contrast, HI1307 and HI0162 represent nonessential genes dispensable in both infections (s.i. > 0.5).
A core set of 85 genes required in both models of infection included genes for biosynthesis of aromatic amino acids, asparagine, methionine, serine, and branched-chain amino acids. Also common were many of the genes (e.g., opsX, rfaF, orfH, galU) responsible for biosynthesis of carbohydrate structures of the inner and outer core of the lipooligosaccharide (LOS), a major H. influenzae virulence factor analogous to lipopolysaccharides of other species. We also note genes with functions in the following: cell shape (e.g., mreBCD, rodA), cell wall biogenesis (e.g., dacA, pbp2, mltC), and cell division (e.g., ftsN, zipA); DNA homologous recombination (e.g., recA, recB, recC, ruvB, xerC, xerD), mismatch/base excision repair (dam, xthA), and replication (rnhA); carbohydrate metabolism (nagB, glk, rpiA, talB); protein folding and stabilization (e.g., dsbA, dsbB); purine biosynthetic (e.g., purA, purB, guaA, guaB) and salvage (deoD, apaH) pathways; transport of divalent cations (yfeABCD), copper (copA), and zinc (znuA, znuB, znuC, zevB); regulatory functions (e.g., icc, sspA); and RNA processing (pnp, rnc). Many genes within the common core set were found in our previous HITS results for H. influenzae single infection in a similar murine lung model (15) ; however, in the current study, more members of each pathway were detected. This greater degree of pathway concordance potentially resulted from either the greater sequencing coverage attained in the current experiment or the use of single molecule sequencing which obviated the PCR amplification used in the previous study.
Coinfection changed the genes required in the lung compared with those required in H. influenzae single infection (Fig. 1A) . The 24 genes required in single infection but not in coinfection included several in the pathway for histidine biosynthesis (hisG, D,A,F), the tricarboxylic acid cycle [malate dehydrogenase (mdh)] and electron transport chain [Na(+)-translocating NADH-quinone reductase subunit C (nqrC)] (18), and a sensor of ferrous iron (firS) (19 (25) . DNA excision and mismatch repair genes that may be protective against these stresses were implicated [DNA polymerase III subunit psi (holD), transcription-repair coupling factor (mfd), DNA-dependent helicase II (uvrD)]. Also included are genes affecting changes to the bacterial cell surface [outer-membrane adhesin (ompP5)] (26), yrbC and yrbF encoding ABC-transport functions associated with phospholipid trafficking affecting cell surface LOS arrangement (27) and galE (UDP-glucose 4-epimerase), which catalyzes the reversible interconversion of UDP-galactose and UDP-glucose in galactose metabolism and biosynthesis of the outer core of the LOS (28) .
The 18 genes needed in coinfection but not in single infection include genes with functions in synthesis of purines (purC,D,L,N), vitamin B1 (thiL) and vitamin B6 [synthesis of pyridoxal 5′-phosphate (pdxS)], NAD uptake/utilization [nucleotide phosphatase lipoprotein E (hel), periplasmic NAD nucleotidase (nadN) (29, 30) ], and transport of heme and antimicrobial peptides (sapA) (31, 32) . We also note the requirement for the lsgC glycosyltransferase gene, which has a potential role in LOS chain extension (33); crp (encoding cAMP receptor), which regulates the response to carbon shortage; acrR, a repressor for a multidrug efflux pump (34) ; epmB (L-lysine 2,3-aminomutase), which functions in posttranslational modification of elongation factor P (35); and bacteriophage-derived proteins (DNA transposition protein MuB and Gp49) and iscR, a regulator controlling iron-sulfur (Fe-S) cluster formation. Of note, IscR has been implicated in oxidative-stress resistance (36) . Because an alternative oxidative-stress resistance system encoded by pgdX was required only in single infection, the results suggest that H. influenzae uses alternative resistance mechanisms in the two models (Discussion).
Validation of Roles of Selected Bacterial Genes in Coinfected vs.
Nonvirally Infected Mice. That some of the genes identified by genome-wide fitness analysis were required in coinfection or during infection with H. influenzae alone, but not in both models, implicated differences in bacterial virulence strategies in these environments. To verify this observation, selected genes were deleted in strains Rd (Fig. 2 A-C) or NT127 (Fig. 2D) by precise replacement of their coding regions with antibiotic resistance genes and the mutants were tested in both lung infection models via in vivo competition assays with LacZ + reference strains. The iscR gene was evaluated as a member of the class of genes required only in coinfection. At 24 h after bacterial inoculation, the ratios of the coinoculated bacterial strains recovered from the lungs confirmed that the iscR mutant was attenuated in IAV coinfection ( Figs. 2A and 3B ) but had no defect during infection with H. influenzae alone (Figs. 2 B and E and 3B) . To verify the role of a gene required only in single infection, we evaluated a galE mutant. As predicted by HITS analysis, galE was required for colonization of the lung in the absence of virus (Fig. 2B ) but was nonessential in coinfection ( Fig. 2 C and F) . Detection of a regulatory gene, iscR, specifically required in coinfection was of particular interest as it suggested a mechanism by which H. influenzae can sense and respond to conditions present during coinfection. Therefore, we verified that its role in coinfection is not strain-specific. Using a nonpolar iscR mutant of NTHi clinical isolate, NT127, we found that iscR was dispensable for colonization by H. influenzae NT127 infection alone but required for optimal survival in coinfection (Fig. 2D ).
H. influenzae iscR Modulates Sensitivity to Oxidative Stress. Pathological damage during infection of mice with IAV involves increased levels of oxidative stress in the lung (37) (38) (39) (40) (41) (42) . It is not known whether the oxidative stress experienced by host cells also affects coinfecting bacteria; however, an iscR homolog in at least one bacterial species, Pseudomonas aeruginosa, has been implicated in oxidative stress resistance (36) . Thus, identification of a requirement for iscR in coinfection and not in single infection suggested a difference in exposure to oxidative stress or in the bacterium's mode of combating such stress in the two environments. To evaluate whether the H. influenzae iscR mutant is hypersensitive to oxidative stress, we tested the effect of H 2 O 2 on its viability. Because transcriptional regulation by IscR homologs is reportedly more pronounced under low-oxygen conditions (43) , growth of the wild-type strain and the iscR mutant was analyzed in the absence and presence of 0.5 and 0.75 mM H 2 O 2 following pregrowth of the strains under low and high oxygen conditions (Fig. S4) . Under both conditions, wild-type and the iscR mutant showed a dose-dependent inhibition of growth by H 2 O 2 ; however, the effect of the iscR mutation on H 2 O 2 sensitivity was greater when cells were pregrown in low oxygen. In the absence of H 2 O 2 , both strains grew similarly under either condition. That H 2 O 2 treatment resulted in a greater decrease in viability of the iscR mutant was verified in H 2 O 2 sensitivity assays in which H. influenzae pregrown in low oxygen was incubated for 30 min in the absence and presence of 2 mM H 2 O 2 , followed by plating to enumerate survivors. The iscR mutant (ΔiscR) showed a significant decrease in the number of survivors compared with its parent (∼100-fold) after H 2 O 2 treatment, and complementation restored the survival phenotype (Fig. 3A) .
IscR-Mediated Regulation of Iron-Sulfur Cluster Biogenesis Genes.
IscR, first discovered in E. coli, is an [2Fe-2S] iron sulfur-clustercontaining transcriptional repressor of the iscRSUA operon, which functions in Fe-S cluster assembly (44) . IscR provides feedback in maintaining Fe-S homeostasis by repressing the isc operon when Fe-S cluster formation is not needed. When Fe-S cluster biogenesis is in demand, IscR loses its Fe-S cluster and becomes inactive as a repressor of the isc operon, leading to increased expression of iscR-SUA (45). Repression of iscRSUA by IscR is a potential mechanism for its role in oxidative stress resistance, because accumulation of excess Fe-S clusters is detrimental in the presence of oxidants that can degrade the clusters with release of Fe 2+ , fueling Fenton chemistry to produce reactive oxygen species (ROS) (46) .
To evaluate the role of IscR in regulation of Fe-S biogenesis genes in H. influenzae, genes of the isc locus similar to those of E. coli, including iscS, hscB, and hscA, were evaluated by reverse transcriptase-quantitative PCR in cells grown with low vs. high levels of culture aeration (SI Methods and Table S1 ). In addition, a gene of unknown function unique to H. influenzae and several closely related species, HI0374 and an adjacent upstream putative rRNA/tRNA methyltransferase homolog, HI0380, were also evaluated. Expression of these genes was increased in the iscR mutant (Table S1 and Fig. S5 ), consistent with a greater effect of IscR on H 2 O 2 sensitivity after growth in low oxygen (Fig. 3A and  Fig. S4 ). Complementation with iscR expressed in single copy from the xyl locus restored expression of each gene to levels similar to those in the parental strain (Fig. S5) . 3 . Ectopic overexpression of Dps protects against sensitivity of H. influenzae iscR mutant to hydrogen peroxide and rescues survival in IAV coinfection. (A) H. influenzae Rd containing empty vector (parent), Rd overexpressing dps (Rd+dps), iscR mutant containing empty vector (ΔiscR), iscR mutant with complementing copy of iscR in trans (iscR+iscR), and iscR mutant with dps overexpressed in trans (ΔiscR+dps) were treated with 2 mM H 2 O 2 for 30 min and plated to enumerate survivors on sBHI (SI Methods). Survival ratios are plotted as the percentage of colony-forming units obtained from H 2 O 2 treated/samples receiving buffer alone (mock) from three independent cultures; error bars show SDs and fold differences are above the brackets. (B) The strains in A were coinoculated intranasally with an H. influenzae reference strain expressing lacZ into C57BL6 mice 5 d following infection with IAV strain PR8 (+PR8) or without PR8 (-PR8). Lungs were harvested at 24 h post-bacterial inoculation for determination of bacterial colony-forming units. Bars represent the mean ratio of colonyforming units of each designated strain relative to the LacZ + reference strain.
Log-transformed ratios were statistically significant (*) between the iscR mutant vs. the parent, complemented and dps overexpressing strains (P < 0.001; one-way ANOVA with Tukey's multiple comparison test) for A and B.
iron to reactive Fenton chemistry, then sequestration of iron would be expected to alleviate the bactericidal effect of H 2 O 2 . We evaluated this hypothesis by ectopic expression of the dps gene, which is not regulated by iscR in H. influenzae (Fig. S5) . The ferritin-like Dps protein, first discovered in E. coli as a DNA-binding protein, protects DNA from hydrogen peroxide-mediated oxidative damage (47) , and members of this family function in iron storage/ detoxification (48) . Fig. 3A shows that overexpression of dps in the iscR mutant (ΔiscR+dps) rescued survival to a level slightly above that of the parent strain. Moreover, overexpression of dps in the parent strain (Rd+dps) enhanced its survival as well.
Dps Overexpression Rescues iscR Mutant in Coinfection. Because iscR is likely to regulate numerous genes and physiological pathways, we addressed whether the ability of iscR to mitigate oxidative stress in particular can account for its role in the coinfection model. If IscR is required for control of additional colonization factors unrelated to anti-oxidant defense, we would predict that dps overexpression would fail to rescue the iscR mutant in coinfection, whereas if the major role of IscR in this model is to combat oxidative stress, then the level of restoration should mirror that observed in H 2 O 2 sensitivity assays. Indeed, in vivo competition assays showed that overexpression of dps in the mutant (ΔiscR+ dps) restored colonization to a level even higher than that of the parent and complemented strains in IAV coinfection (Fig. 3B) . Additionally, overexpression of dps in the parent strain (Rd+dps) also enhanced colonization levels over that of the parent. Consistent with a role for iscR in ROS resistance that is specific to IAV coinfection, all strains showed similar colonization levels in the absence of IAV (Fig. 3B ).
Discussion
Infection with IAV provokes an extensive inflammatory response, leading to immune pathology, pathogen control, and associated metabolic changes in the lung. These changes promote rapid multiplication of bacteria in the lung, which can then lead to fatal pneumonia. Application of HITS to the coinfection model revealed the genome-wide profile of bacterial adaptations required in this environment. This information can be used to obtain insight into host responses or metabolic changes in the lung that are most important in altering selection pressures the bacterium encounters during pathogenesis. HITS data indicate differential adaptations to nutrient limitation, immune effectors, and cellular stressors in the two models of infection. For example, genes of histidine biosynthesis were required in single infection but not in coinfection. Histidine may be available to bacteria in coinfection as IAV infection of cultured epithelial cells promotes release of several amino acids, including histidine (49) . GalE is required for addition of galactose moieties to the outer core of the LOS, which inhibits deposition of complement and antimicrobial peptides. GalE was needed for single infection but nonessential in coinfection, suggesting that coinfection inactivates immune defenses that are normally antagonized by LOS-galactose structures. Although several genes involved in defense against various stress conditions were dispensable in coinfection, others were needed, including epmB, which participates in translating mRNAs involved in stress resistance and virulence in Salmonella enterica (50) , and iscR, encoding a regulator of Fe-S cluster biogenesis.
We further investigated the mechanism by which IscR participates in coinfection. IscR of H. influenzae (Fig. S5 and Table  S1 ) directs a similar regulatory pattern to that mediated by E. coli IscR at the isc locus (44) . IscR of E. coli regulates additional genes including the sufABCDSE operon (51), a second Fe-S assembly system, and although H. influenzae does not possess a suf operon, IscR may control expression of other genes that have not been identified in H. influenzae. We show in this report that iscR of H. influenzae is required for resistance to oxidative stress (Fig. 3 and Fig. S4 ) and colonization in coinfection (Figs. 2  and 3 ) and that these phenotypes are restored in the iscR mutant by overexpression of Dps (Fig. 3) . Because Dps enzymes function to protect against ROS and archetypal Dps family members sequester iron from Fenton chemistry while detoxifying hydroxyl radicals, the results implicate IscR's function in defense against ROS, likely via maintaining Fe-S homeostasis, as its major contribution to coinfection. Thus, ROS, although damaging to host tissues, exerts selective pressure on bacteria in the coinfection model, requiring adaptation by IscR. A potential clinical implication of this result is that ROS may mediate some of the limited antibacterial defense remaining in the coinfected host. Approaches to antagonize ROS generation have been considered as therapies for IAV infection (40); therefore, it will be important to evaluate the effects of antioxidant-based therapy on severity of bacterial superinfection.
Coinfection modified H. influenzae's requirements for an additional, interrelated set of physiological adaptations relevant to previously reported changes in the lung induced by IAV. The superoxide-producing catabolic enzyme xanthine oxidase (XO) has been identified as a major source of ROS in IAV infection (37, 40) . Increased XO activity in IAV infection has been implicated in depleting adenosine and its derivatives, hypoxanthine and xanthine (37) , purine precursors that can be used by H. influenzae (52) . Because genes of de novo purine intermediate synthesis leading to inosine (purC, purL, purD, purN) were implicated in coinfection, it appears that purine scavenging is insufficient in this context, consistent with IAV induced XO activity.
In parallel with increased oxidant production, IAV infection leads to induction of host pathways for antioxidant defense including glutathione peroxidase (53) with concurrent depletion of glutathione (GSH) (54), a primary defense of mammalian cells against ROS. Depletion of GSH, which H. influenzae cannot synthesize and acquires from exogenous sources (55), may account for the decreased requirement for the glutathione-dependent peroxidase PgdX in coinfection, because limitation of its substrate would render this enzyme ineffective. In the absence of PgdX activity, which normally detoxifies ROS, H. influenzae may rely on alternative ROS resistance mechanisms, including repression of Fe-S cluster biogenesis by IscR. Potentially linked to GSH depletion, another important antioxidant that may be depleted is TPP, a cofactor for NADPH-generating pathways critical for maintaining cellular redox balance and levels of GSH (56) . H. influenzae is not able to synthesize thiamine de novo (52) and, therefore, must acquire thiamine, TMP, or TPP from the host. TMP is converted to TPP in H. influenzae by ThiL (TMP kinase), which was required in coinfection, suggesting that exogenous sources of TPP, the biologically active form of thiamine, are limiting in this context. Although TPP levels during coinfection are not known, our results raise the possibility that limitation of TPP availability to H. influenzae in coinfection might be exploited therapeutically by targeting ThiL with inhibitory compounds. Such inhibitors may be specific to bacteria as TMP kinase activity is absent in mammalian cells, which directly convert thiamine to TPP by thiamine pyrophosphokinase. In summary, IAV/H. influenzae coinfection alleviates requirements for numerous virulence factors and physiological adaptations required by H. influenzae in the normal murine lung. Nevertheless, many bacterial genes are required in coinfection, suggesting that host defenses remain that could potentially be amplified therapeutically. Moreover, NTHi factors required in coinfection are likely to represent targets for vaccines or antimicrobials effective in this pathogenic context and potentially in other predisposing conditions involving lung inflammation such as COPD. Conversely, approaches for controlling viral pathogenesis in the context of bacterial/viral coinfection should take into account their effects on antibacterial defenses, and understanding bacterial colonization factors will aid in defining such strategies.
Methods
Detailed description of the materials and experimental methods is provided in SI Methods, including strains, growth conditions, mouse lung model, transposon junction sequence analysis, expression analysis, and strain construction. Also included are methods used for manual revision of genome annotations. Experiments were conducted with approval from the Institutional Animal Care and Use Committees at the University of Pennsylvania School of Medicine and at the University of Massachusetts Medical School.
